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ABSTRACT
We investigate the impact of the far ultraviolet (FUV) heating rate on the stability of the three-
phase interstellar medium using three-dimensional simulations of a 1 kpc2, vertically-extended domain.
The FUV heating rate sets the range of thermal pressures across which the cold (∼ 102 K) and warm
(∼ 104 K) neutral media (CNM and WNM) can coexist in equilibrium. Even absent a variable star
formation rate regulating the FUV heating rate, the gas physics keeps the pressure in the two-phase
regime: because radiative heating and cooling processes happen on shorter timescales than sound
wave propagation, turbulent compressions tend to keep the interstellar medium within the CNM-
WNM pressure regime over a wide range of heating rates. The thermal pressure is set primarily by
the heating rate with little influence from the hydrostatics. The vertical velocity dispersion adjusts
as needed to provide hydrostatic support given the thermal pressure: when the turbulent pressure
〈ρ〉σ2z is calculated over scales & 500 pc, the thermal plus turbulent pressure approximately equals the
weight of the gas. The warm gas volume filling fraction is 0.2 < fw < 0.8 over a factor of less than
three in heating rate, with fw near unity at higher heating rates and near zero at lower heating rates.
We suggest that cosmological simulations that do not resolve the CNM should maintain an interstellar
thermal pressure within the two-phase regime.
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1. INTRODUCTION
Normal (non-starburst) star-forming galaxies gener-
ally have thermally stable gas in their interstellar me-
dia (ISM) at both cold (T . 300 K) and warm (T ∼
5000 − 12000 K) temperatures (see reviews by Ferrière
2001; Cox 2005). The cold phase consists of molecular
gas — where nearly all star formation occurs — and cold
atomic gas called the cold neutral medium (CNM). The
warm phase consists of both neutral gas (the warm neu-
tral medium, WNM) and photoionized gas (the warm
ionized medium, WIM).
ashill@astro.ubc.ca
Theoretically, there is a relatively narrow range of
thermal pressures in which the CNM and WNM can
coexist in thermal pressure equilibrium for a given heat-
ing rate and cooling function (Field et al. 1969; Wolfire
et al. 1995a, 2003). Observationally, nearly all normal
star-forming galaxies have a WIM (Oey et al. 2007).
The H I 21 cm emission to absorption ratio in the Milky
Way is constant out to a Galactocentric radius of at
least 25 kpc, indicating that the CNM-WNM density ra-
tio is constant even in the outer Milky Way where the
pressure is most likely low (Dickey et al. 2009). Only
≈ 0.05% of the CNM has a pressure above the two-phase
range (Jenkins & Tripp 2001, 2011). These observations
suggest that cold and warm gas coexist in most places
in most star-forming galaxies, indicating that the gas
pressure must be within the stable two-phase regime.
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Wolfire et al. (2003) argue that turbulent compression
combined with the thermal instability physics drives the
thermal pressure into the stable two-phase range.
In addition to the cold and warm phases of the ISM,
shock heating due to supernova explosions creates a
third quasi-stable phase of hot (& 106 K) gas called
the hot ionized medium (HIM), identified observation-
ally from O VI absorption lines (Jenkins & Meloy 1974;
York 1974) and the soft X-ray background (eg Burstein
et al. 1977; McCammon & Sanders 1990; McCammon
et al. 2002; Henley & Shelton 2010, 2013; Henley et al.
2010, 2015).
Because the density of the HIM is very low, the cool-
ing time is long compared to the typical time between
passing shocks, making the HIM long-lived even though
it is not in equilibrium. Cox & Smith (1974) defined
the porosity, q, such that the fraction of the volume oc-
cupied by the HIM is fh = 1 − exp(−q). In nearly all
cases, the cold gas occupies a small fraction of the vol-
ume, so the warm gas filling factor is fw ≈ 1−fh. McKee
& Ostriker (1977) combined the two-phase model with
calculations of the effect of hot gas to describe a three-
phase ISM regulated by supernovae. They found that
the HIM dominates, with q & 3, and the CNM, WNM,
and WIM are confined to clouds embedded in the HIM.
This is a thermal runaway state: because of the very
long cooling time of the HIM (tcool ∼ kT/n2Λ ∼ several
Gyr for T & 5× 106 K gas in pressure equilibrium with
the WNM), it is difficult to form warm gas once the
volume is dominated by hot gas. Therefore, subsequent
supernovae continue to heat the gas; the excess energy is
not radiated away. In the McKee-Ostriker picture, the
HIM contains very little mass but has sufficient thermal
pressure to confine the cold-warm clouds.
However, due to the gravity of the Galaxy, overpres-
sured, low-density hot gas tends to buoyantly move away
from the midplane, reducing the pressure confining the
WNM and CNM and driving a cycle of matter and en-
ergy between the disk and the halo called a Galactic
fountain (Bregman 1980; Rosen & Bregman 1995; Wal-
ters & Cox 2001). Although nonthermal sources of pres-
sure dominate the vertical support of the ISM (Boulares
& Cox 1990; Girichidis et al. 2016), this can act as a
pressure valve. Because the magnetic field is very weak
in the hot gas, it acts as an additional pressure term in
the warm and cold gas, compressing the hot gas (Slavin
& Cox 1992, 1993). Modern hydrodynamic models of
the ISM in normal galaxies which incorporate vertical
gravity, domains large enough in the vertical direction
to track fountain flows, energy injection due to super-
novae and resulting turbulent mixing, diffuse heating
due to FUV radiation, and optically-thin line cooling
in three dimensions have generally found that the hot
gas is confined to a minority of the midplane volume,
q ∼ 0.3 (Korpi et al. 1999; de Avillez 2000; de Avillez &
Breitschwerdt 2004; Joung & Mac Low 2006; Hill et al.
2012; Gent et al. 2013). This result holds for a wide
variety of gas surface mass densities when the star for-
mation rate is adjusted following a Kennicutt-Schmidt
relation (de Avillez & Breitschwerdt 2004; Joung et al.
2009). Across the cold, warm, and hot phases of the
ISM, the gas is isobaric in total pressure, with the tur-
bulent pressure increasingly-dominant at high star for-
mation rates (Joung et al. 2009). However, Joung et al.
(2009) needed to tune their star formation rate carefully
in order to maintain the three-phase medium.
The most recent numerical simulations have tended to
again invert this picture. Walch et al. (2015) determine
supernova times randomly but use a variety of fractions
of “peak driving”, in which the supernovae are set off
at density peaks. They find that, for many supernova
rates with random or a mix of random and peak driving,
the simulations are in a thermal runaway state, with
q & 2. Pure peak driving leads to a loss of most of the
injected thermal energy due to the high gas density and
thus high cooling rate. In these models, mixed driving is
needed for a three-phase ISM to exist, at least in models
with fully periodic boundary conditions (Gatto et al.
2015). Li et al. (2015) argued, also using fully-periodic
boundary conditions, that the photoelectric heating rate
controls the porosity, with higher heating rates leading
to higher warm gas thermal pressures which are more
effective at confining supernova remnants.
Ostriker et al. (2010) and Ostriker & Shetty (2011)
developed a model based on the assumption that star-
forming galaxies maintain both thermal and vertical
dynamical equilibrium. In their picture, the thermal
pressure is stable to perturbation out of the two-phase
regime because the star formation rate adjusts in order
to maintain these dual equilibria; galaxies self-regulate
their star formation rates.
In this work, we investigate the impact of the gas
physics on the thermal pressure without a star forma-
tion rate that responds to the gas density and the ensu-
ing self-regulation. We vary photoelectric heating rates
and explore the porosity of the ISM in simulations of
supernova-driven turbulence with vertical stratification.
We describe our simulations in Section 2, discuss the
CNM-WNM two-phase equilibrium in Section 3, and
discuss the hydrostatic support of the ISM in Section 4.
We describe the characteristics of our simulations in Sec-
tion 5. We then discuss the implications in Section 6,
presenting a physical argument explaining the stability
of the three-phase ISM in Section 6.1 and discussing
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the limitations of our physical approximations in Sec-
tion 6.3. We end with a summary of our main points in
Section 7.
2. SIMULATIONS
We use simulations in which a vertically-stratified,
multiphase ISM is established by including a fixed cool-
ing curve, a diffuse heating term modeling photoelec-
tric heating of dust grains by the stellar FUV radiation
field, supernova explosions, a fixed gravitational poten-
tial, and magnetic fields. We originally implemented
our model using Flash 2.5 (Fryxell et al. 2000) to solve
the magnetohydrodynamic (MHD) equations numeri-
cally (Joung & Mac Low 2006; Joung et al. 2009; Hill
et al. 2012). In this work, we use a reimplementation
of the model in Flash 4.2 (Baczynski 2016; Ibáñez-Mejía
et al. 2016). We refer the reader to Hill et al. (2012)
and references therein for a complete description of the
model.
We use a 1 × 1 × ±20 kpc3 simulation domain with
periodic boundary conditions on the sides and out-
flow boundary conditions on the top and bottom. Us-
ing adaptive mesh refinement, the grid is fully refined
(∆x0 = 1 − 8 pc) near the midplane with decreasing
resolution with height; the lowest resolution is ∆x =
32 pc. We use a fixed gravitational potential (Kuijken
& Gilmore 1989; Navarro et al. 1996). In the initial
condition, we establish isothermal gas in hydrostatic
equilibrium with a density floor nIGM added. We spec-
ify the cooling function Λ(T ) for solar metallicity gas
with no depletion with an ionization fraction of 10−2
in the atomic gas (Joung & Mac Low 2006, based on
Dalgarno & McCray 1972; Sutherland & Dopita 1993);
in this approximation, the range of thermal instability
is 39.8 K < T < 104 K with 39.8 K < T < 200 K
marginally stable.1 We apply a diffuse heating term,
which manifests itself in the energy equation for energy
density E as
∂E
∂t
= nΓpe(z, T )− n2Λ(T ). (1)
The heating term is given by
Γpe(z, T ) =
{
Γ0e
−|z|/hpe , T < 2× 104 K
0, T > 2× 104 K. (2)
This heating term is designed to approximate photoelec-
tric heating of dust grains. In our model, equation (2)
1 We define “cold” gas as T < 39.8 K, “cool” as 39.8 K <
T < 104 K, “warm” as 104 K < T < 2 × 104 K, “transition-
temperature” as 2 × 104 K < T < 105.5 K, and “hot” as T >
105.5 K.
along with supernovae and stellar winds give the only
heating source terms. We set hpe = 8.5 kpc (compared
to 0.3 kpc in our previous work), so the heating rate
is roughly constant up to large heights. Although the
scale height of the thin stellar disk is only ≈ 100 pc
(e.g. Kong & Zhu 2008), the FUV radiation field falls off
much more slowly with height because surface brightness
is conserved. This is supported observationally by the
presence of a two-phase ISM in high velocity clouds (e.g.
Moss et al. 2013); in models with hpe = 0.3 kpc, high
velocity cloud-like regions entirely cool to CNM tem-
peratures, which is inconsistent with observations. An
estimation of the FUV flux of M81 also suggests that the
FUV flux decreases slowly with height (Hill et al. 1992;
Wolfire et al. 1995b). Other groups constructing similar
simulations have used a FUV radiation field which does
not vary at all with height (Walch et al. 2015; Kim &
Ostriker 2017). This choice ultimately has little impact
on the midplane behavior that is the main focus of this
paper.
Because the FUV radiation field in the diffuse ISM
varies widely and because we do not account for other
heating terms, we have considerable freedom to vary Γ0;
doing so is the main focus of this paper. For typical
photoelectric heating with a heating efficiency  ≈ 0.5
and a FUV radiation field G0 = 1.7 times the interstellar
field near the Sun (Habing 1968), the midplane heating
rateΓ0 = 0.85× 10−25 erg s−1, the value used in Joung
& Mac Low (2006) and Hill et al. (2012).
We set off supernovae in three distinct populations
as in Joung & Mac Low (2006): Type Ia supernovae
(19% of all supernovae), which are distributed exponen-
tially with scale height 300 pc; field core-collapse super-
novae (32%), which are distributed exponentially with
scale height 90 pc; and correlated core-collapse super-
novae (47%), which also have an exponential distribu-
tion with scale height 90 pc. For the correlated super-
noave, between 7 and 40 supernovae are set off at the
same position, spread evenly over 40 Myr, to simulate
an OB association. For the first 5 Myr, we continuously
inject 1051 erg (i.e. 6.3 × 1036 erg s−1) of thermal en-
ergy in a single zone to approximate the clearing effect
of winds from massive stars. For each supernova, we
inject 1051 erg of thermal energy in one timestep in a
60M sphere and redistribute the mass evenly around
the sphere; we do not inject momentum.
In all cases, we choose the location and timing of su-
pernovae without knowledge of the gas density. This is
somewhat unphysical, although we do not resolve star
formation in any meaningful way in these models and
the B stars that produce most supernovae even in mas-
sive star clusters live longer than the giant molecular
4 Hill, Mac Low, Gatto, & Ibáñez-Mejía
Table 1. Simulations used in this paper
Name t range Bx,0 lognIGM Σgas ∆x0 SN rate Γ0/10−25
(Myr) (µG) (cm−3) (M pc−2) (pc) (Myr−1 kpc−2) (erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Fiducial
pe1229 0 – 160 0 −7.1 13.2 7.81 34.1 12.30
pe109 160 – 200 · · · · · · · · · 3.91 34.1 1.09
pe109 2pc 190 – 200 · · · · · · · · · 1.95 34.1 1.09
pe200 160 – 200 · · · · · · · · · 3.91 34.1 2.00
pe200 2pc 190 – 200 · · · · · · · · · 1.95 34.1 2.00
pe300 160 – 360 · · · · · · · · · 3.91 34.1 3.00
pe300 2pc 190 – 200 · · · · · · · · · 1.95 34.1 3.00
sn17 pe300 160 – 200 · · · · · · · · · 3.91 17.1 3.00
pe400 160 – 200 · · · · · · · · · 3.91 34.1 4.00
pe400 2pc 190 – 200 · · · · · · · · · 1.95 34.1 4.00
pe500 160 – 200 · · · · · · · · · 3.91 34.1 5.00
pe500 2pc 190 – 200 · · · · · · · · · 1.95 34.1 5.00
pe600 160 – 200 · · · · · · · · · 3.91 34.1 6.00
pe600 2pc 190 – 200 · · · · · · · · · 1.95 34.1 6.00
pe1229 160 – 200 · · · · · · · · · 3.91 34.1 12.30
pe1229 2pc 190 – 200 · · · · · · · · · 1.95 34.1 12.30
pe1229 1pc 190 – 200 · · · · · · · · · 0.98 34.1 12.30
Magnetized
bx5 pe300 0 – 160 5 −7.1 13.2 7.81 34.1 3.00
bx5 pe300 160 – 360 · · · · · · · · · 3.91 34.1 3.00
bx5 pe1229 160 – 200 · · · · · · · · · 3.91 34.1 12.30
nIGM = 10
−4.1 cm−3, unmagnetized
nigm-4 bx0 pe300 0 – 160 0 −4.1 13.3 7.81 34.1 3.00
nigm-4 bx0 pe300 160 – 200 · · · · · · · · · 3.91 34.1 3.00
nIGM = 10
−4.1 cm−3, magnetized
nigm-4 bx5 pe300 0 – 160 5 −4.1 13.4 7.81 34.1 3.00
nigm-4 bx5 pe300 160 – 200 · · · · · · · · · 3.91 34.1 3.00
Σgas = 7.5M pc−2
smd75 pe300 0 – 160 0 −7.1 7.5 7.81 34.1 3.00
smd75 pe300 160 – 200 · · · · · · · · · 3.91 34.1 3.00
smd75 pe600 160 – 200 · · · · · · · · · 3.91 34.1 6.00
Note—Runs used in this paper. Base runs with 8 pc resolution are listed first in each section. Science
runs, with runtime parameters modified and 1 − 4 pc resolution, are resumed at t = 160 Myr from the
corresponding base run.
clouds in which they form. The major drawback of this
piece of missing physics is that cold clouds are unphys-
ically long-lived (with individual cold clouds surviving
for& 100 Myr) due to the lack of internal feedback. This
setup allows us to conduct a numerical physics experi-
ment to study the effects of the heating rate independent
of changes in the supernova history. In models with a
given supernova rate, we chose the random seeds such
that the supernova history (time and position) is iden-
tical, enabling direct comparison of runs with different
heating rates.
We include two models with a magnetic field with ini-
tial conditions the same as Hill et al. (2012): a horizontal
field with midplane strength Bx,0 = 5µG, decreasing as
a function of height to maintain a constant plasma β.
The runs we consider in this paper are listed in Ta-
ble 1. We used a set of low-resolution (∆x0 = 8 pc) runs
with a range of initial conditions of the surface mass
density Σgas, density floor nIGM, and magnetic field to
establish turbulent initial conditions, running these base
runs for 160 Myr. We then switched to higher resolu-
tion, ∆x0 = 4 pc, and resumed the run; in some cases,
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we ran from 190 − 200 Myr with ∆x0 = 2 pc. In the
highest heating rate model, we also ran a ∆x0 = 1 pc
run (see Section 3 below). For these resumed runs, we
varied runtime inputs which do not require restarting
from scratch: the diffuse heating rate, the supernova
rate, and the resolution. We typically consider snap-
shots after 200 Myr of evolution, 40 Myr after switching
to the final resolution and heating rate. This is sufficient
time for the volume filling fractions in the midplane to
reach a dynamical equilibrium (de Avillez & Breitschw-
erdt 2004; Hill et al. 2012). We ran two models to
360 Myr to verify that the models reach a dynamical
equilibrium by 200 Myr.
We discuss the impact of a number of neglected phys-
ical processes in Section 6.3 below.
3. COEXISTENCE OF THE CNM AND WNM
The physical conditions in the CNM andWNM are de-
termined primarily by the balance between photoelectric
heating, parameterized by Γpe, and radiative cooling,
parameterized by the cooling function Λ(T ). Neglecting
other effects, the ISM at number density n is in thermal
equilibrium when heating equals cooling,
nΓpe = n
2Λ(T ). (3)
The shape of Λ(T ) yields a narrow range of thermal
pressures in which equation (3) can be satisfied for both
the CNM and the WNM, the pressure regime in which
a two-phase atomic medium can exist. We denote this
pressure range as Pmin < Pth < Pmax. If Pth > Pmax,
one expects that the CNM is the dominant phase by
mass, whereas the WNM is expected to be the dominant
phase by mass if Pth < Pmin. If WNM gas exceeds Pmax,
the heating is insufficient to prevent gas from cooling to
CNM temperatures. If the thermal pressure in cold gas
drops below Pmin, the cooling is insufficient to prevent
gas from heating to WNM temperatures. For a given Λ
(determined by the given metallicity and ionization state
and included cooling processes such as non-equilibrium
effects), the values of Pmin and Pmax are set by the heat-
ing rate Γpe. This is in reality typically a weak function
of gas temperature; in our model, it is independent of gas
temperature for T ≤ 2 × 104 K and vanishes at higher
temperatures. The FUV radiation field that controls
Γpe, however, comes primarily from short-lived stars and
thus changes by factors of ∼ 3 on . 100 Myr timescales
in the ISM near the Sun (Parravano et al. 2003). For
our cooling curve, the minimum stable CNM thermal
pressure and maximum stable WNM thermal pressure
are
(Pmin, Pmax) = (665.2, 8269.4) Γ−25 k K cm−3, (4)
where the subscript −25 denotes Γ · (10−25 erg s−1)−1.
This range is relatively wide, spanning more than
a decade. For the cooling curve used by Wolfire
et al. (2003), for example, 2000 K cm−3 < Pth/k <
5000 K cm−3 for the solar neighborhood.
The typical temperature of the cold gas does not
change as the heating rate increases. Therefore, the den-
sity of CNM gas at Pmin is
nCNM,min =
Pmin
kT
= 33.3 Γ−25 ·
(
T
20 K
)−1
cm−3. (5)
Because the density of cold gas increases with the heat-
ing rate, the numerical resolution required to resolve
typical cold clumps also increases with the heating rate.
The linear size of a clump of massM is r ∝ (M/nmp)1/3,
so the required resolution scales as ∆x ∝ Γ−1/3pe . A reso-
lution of ≈ 4 pc is needed for filling fractions to converge
with a heating rate Γ−25 = 0.85 (de Avillez & Breitschw-
erdt 2004; Hill et al. 2012; Kim & Ostriker 2017), so we
expect that a resolution of ≈ 1.5 pc is necessary for the
highest heating rate we employ, Γ−25 = 12.3. We there-
fore include a ∆x0 = 1 pc pe1229 model.
4. HYDROSTATIC EQUILIBRIUM AND
PRESSURE
In hydrostatic equilibrium, the total vertical pressure
at height z is balanced by the weight,
W (z) =
∫ ∞
z
g(z′)ρ(z′)dz′. (6)
(The integral goes from z to −∞ for z < 0.) The verti-
cal distribution of density ρ(z) thus determines the mid-
plane weight. The weight is not fixed for a given surface
mass density but instead responds to the feedback pro-
cesses in the disk. The calculation of the weight is not
entirely straightforward. Isolated, high-altitude warm
and cold clouds which are falling or rising in a hot halo
as part of the a Galactic fountain will contribute signif-
icantly to the integral in equation (6). However, these
clouds are moving supersonically, and thus cannot exert
pressure forces beyond their bounding shocks and rar-
efaction waves, so they do not apply any force on gas
in the midplane (E. Ostriker, private communication).
Therefore, equation (6) overestimates the true weight
felt by gas in the midplane, especially in cases in which
there is a large mass of high-altitude warm or cold gas
surrounded by hot gas and out of dynamical equilibrium.
With the physics included in our model, the total ver-
tical pressure consists of the thermal pressure, the verti-
cal turbulent pressure, and the sum of the magnetic pres-
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sure and tension (Parker 1969; Boulares & Cox 1990),
Ptot,z =Pth + Pturb + PB
= 〈nkT 〉+ 〈ρσ2z〉+
〈|B|2〉
8pi
− 〈B
2
z 〉
4pi
. (7)
Here σz is the dispersion of the vertical speed vz cal-
culated over some volume (see Joung et al. 2009, and
discussion in Section 5.3 below). In our models (which
do not have shear or rotation), the net effect of the mag-
netic field on vertical support is small due to the arrange-
ment of the horizontal and vertical components of the
field (Gressel et al. 2008; Hill et al. 2012), so we neglect
it.
5. RESULTS
5.1. Description of models
We begin with a qualitative description of the ap-
pearance of the runs based on column density images
and slices of density, temperature, and thermal pres-
sure in the midplane and vertical slices in Figures 1–4.
Figure 1 shows our fiducial series of runs, with all in-
puts equal except the heating rate, which varies over
1.1 ≤ Γ0,−25 ≤ 12.3. In most of our stratified-disk
models, a three-phase ISM is present. At low heat-
ing rates, the volume is dominated by the HIM with
relatively-small pockets of WNM. There are long, fil-
amentary regions of CNM. At high heating rates, the
volume is dominated by the WNM; the HIM is con-
fined to relatively-small supernova-driven bubbles and
remnants. The CNM is confined to increasingly-small
clouds and clumps with increasing heating rates. At the
highest heating rate, very little CNM survives at all; the
cold gas accounts for fractions . 2 × 10−3 of the mass
and . 10−5 of the volume in the midplane at 200 Myr in
the pe1229 2pc and pe1229 1pc models (see Table 2).
There is considerably less contrast in thermal pres-
sure than in density and temperature, indicating that
the ISM is in very approximate thermal pressure equi-
librium. (Note the narrower range of the Pth color scale
in the images.) The midplane thermal pressure is higher
at higher heating rates. The cold clouds are typically at
lower thermal pressure, by a factor of ≈ 4 in the pe300
2pc model, than their immediate surroundings, which
are typically warm. This is evident in Figure 5, a profile
through a slice of the pe300 2pc model which includes
CNM, WNM, and HIM regions.
In Figure 2, we show five models, all with Γ0,−25 = 3
but with other inputs changed. First, we include a mag-
netic field. The WNM fills more of the volume and
the HIM less of the volume in the magnetized simula-
tion. Second, we reduce the supernova rate by a factor
of two (sn17 models). This results in less energy in-
jection in shocks, so the WNM again fills more of the
volume than in the fiducial run. Third, we reduce the
surface mass density by a factor of 1.8 (smd75). Because
we keep the supernova rate and heating rate the same,
this puts the effective star formation rate in the mod-
eled galaxy well above the Kennicutt-Schmidt relation.
This lower surface mass density run has a weight that is
about 30% higher than the fiducial run, and the volume
is dominated by HIM, similar to the low-heating-rate
Γ0,−25 = 1.09 run with the fiducial surface mass den-
sity density. Lastly, we increase the density in the IGM
(nigm-4). In this model, the HIM again dominates the
volume.
How are the phases distributed vertically? We show
vertical images in Figures 3 and 4 and a phase diagram
of the temperature as a function of height |z| in Figure 6.
Near the midplane, all three phases coexist. The CNM
is confined to |z| . 200 pc; there is a mix of warm and
hot gas in the range 200 pc . |z| . 3 kpc with gas exist-
ing at a wide range of temperatures. At larger heights,
the gas is isothermal. (There are two narrow, isothermal
curves evident in Figure 6; one is at z & 3 kpc and the
other at z . −3 kpc.) In this portion of the simulation
domain, a single shock propagates upwards, filling the
simulation domain horizontally. This one-dimensional
behavior is an artificial consequence of the periodic hor-
izontal boundary conditions and our tall aspect ratio
(Walters & Cox 2001; Gent et al. 2013).
We characterize the vertical distribution of the gas
with the mass-weighted rms altitude of the gas (Piontek
& Ostriker 2007),
hz =
(∑
i z
2
i ρi∑
i ρi
)1/2
. (8)
For each simulation, we calculate statistics for |z| < hz/3
in order to confine our analysis to the region where the
density and pressure are & 70% of their midplane val-
ues. We show these statistics in Figures 7–10 as well
as Table 2. Although our 4 pc resolution models are
converged in volume filling fractions and midplane pres-
sure, the scale heights are not converged; 2 pc resolution
models typically have scale heights ≈ 55% of those in the
4 pc models.
5.2. Relationship between pressure and porosity
We show thermal pressure-density phase diagrams for
all the models from Figures 1–4 in Figure 7. In all cases,
a classical two-phase structure with a hot component
in rough thermal pressure equilibrium is evident. Less
than 10−3 of the WNM has Pth > Pmax. In all models,
the median is in the stable two-phase pressure regime,
although WNM is found at pressures ∼ 1 decade be-
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Figure 1. Images of column density, number density, temperature, and thermal pressure (top to bottom) in the midplane
(z = 0) of ∆x0 = 2 pc simulations from runs with varying heating rates but all other inputs, including the supernova history,
fixed (see Table 1). The fiducial model (Γ0,−25 = 3.0) is the second column. Each column is from a single snapshot with the
heating rate Γ0,−25 indicated. Magenta lines show the locations of the profiles in Figure 5 below.
low Pmin. The CNM is concentrated along the ther-
mal equilibrium curve at or near Pth ≈ Pmin. In the
Γ0,−25 = 12.3 models, the mass and volume in the cold
phase are essentially negligible, but what CNM there is
is still found at Pth ≈ Pmin. The thermally unstable cool
and transition-temperature regimes are populated but
fill considerably less volume than the thermally-stable
branches or the HIM. The WNM pressure increases
steadily as the heating rate increases.In contrast, the
pressure of the HIM increases only slowly as the heat-
ing rate increases. Therefore, the HIM thermal pressure
is higher than the median WNM thermal pressure in
the models with low heating rates and lower than the
median WNM thermal pressure in models with higher
heating rates. We show this in a plot of the thermal
pressure as a function of heating rate in Figure 8.
In most cases, the thermal pressure in each phase in-
creases with Γpe and, equivalently, Pmin and Pmax. With
a Pearson correlation test, we can confidently reject the
null hypothesis of a nonlinear correlation between the
thermal pressure in each phase and Γ0; this allows a lin-
ear correlation. The warm gas thermal pressure reaches
a maximum of Pth/k ≈ 1.4 × 104 K cm−3 at Γ−25 ≈ 6;
at the highest heating rate, the thermal pressure is ap-
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Figure 2. Images of column density, density, temperature, and thermal pressure (top to bottom) in the midplane (z = 0 pc)
of ∆x0 = 4 pc simulations from runs with Γ0,−25 = 3. The fiducial model, pe300, is in the left column. The other columns are
models with one parameter changed from the fiducial model: left to right, Bx,0 = 5µG, half the core-collapse supernova rate,
the surface mass density reduced from 13.2 to 7.5 M pc−2, and the IGM density increased from 10−7.1 to 10−4.1 cm−3. For
the magnetized run, arrows show the planar magnetic field strength and direction.
proximately the same. At these high heating rates, the
thermal pressure of the warm gas is within ≈ 0.25 dex of
the weight of the ISM. The slope of the thermal pressure-
heating rate relationship for the hot gas is shallow: the
thermal pressure of the hot gas is higher than all the
other phases at low Γpe but lower than all but the cold
phase at Γ−25 & 5. At all heating rates where the CNM
mass is significant, the median CNM thermal pressure
is lower than that in any of the other phases.
In Figure 8, we also show the standard deviation of
logPth in each phase as error bars. The scatter in the
HIM thermal pressure is largest and that in the CNM
thermal pressure is smallest, as is also evident from Fig-
ure 7. The HIM thermal pressure range typically in-
cludes most of the pressure range in both the CNM and
WNM. Moreover, the separation in thermal pressure be-
tween the CNM and WNM is substantial: in most cases,
there is little overlap between 〈logPth〉±σlogP th for the
CNM and WNM. At the highest heating rate, the me-
dian thermal pressure in the CNM is within the range
of the WNM thermal pressure, but this is unimportant
for the ISM dynamics because the CNM accounts for
nearly zero mass and volume in this model. In the high-
porosity Γ0,−25 = 1.1 model, the median thermal pres-
sure lies between the CNM and HIM thermal pressures
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Figure 3. Images of column density and number density in the y − z plane (x = +400 pc) of simulations from the runs in
Figure 1.
10 Hill, Mac Low, Gatto, & Ibáñez-Mejía
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
z
(k
p
c)
200 Myr
fiducial Γ0,−25 = 3
−0.3 0.0 0.3
y (kpc)
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
z
(k
p
c)
200 Myr
Bx,0 = 5µG
−0.3 0.0 0.3
y (kpc)
200 Myr
sn17
−0.3 0.0 0.3
y (kpc)
200 Myr
Σgas = 7.5M¯ pc−2
−0.3 0.0 0.3
y (kpc)
200 Myr
log nIGM = −4.1
−0.3 0.0 0.3
y (kpc)
1018
1019
1020
1021
1022
1023
N
(c
m
−2
)
10−4
10−2
100
n
(c
m
−3
)
Figure 4. Images of column density and density in the y − z plane (x = +400 pc) of simulations from runs in Figure 2, with
magnetic field vectors shown in the density image for the magnetized model.
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Figure 6. Phase diagram of temperature as a function of
|z| (above and below the plane) in the fiducial pe300 2pc
model in the t = 200 Myr snapshot. Bins are calculated
with constant intervals of log |z|, leading to bands with no
data at small |z|.
and there is considerable overlap between the CNM and
WNM thermal pressures.
In Figure 9, we plot the volume filling factor and mass
fraction in each of the five temperature ranges as a func-
tion of the heating rate. At low heating rates, the hot gas
dominates by volume. The warm gas and hot gas volume
filling factors are approximately equal at 2 . Γ0,−25 . 3.
At higher heating rates (Γ0,−25 & 5), the warm gas fills
≈ 80% and the hot gas ≈ 20% of the volume. The
mass is dominated by cold gas at low heating rates and
warm gas at high heating rates. The unstable cool gas
accounts for up to ≈ 20% of the volume and mass but
never more; most of this unstable gas is the marginally-
stable gas. In all cases, . 10% of the volume of the ISM
is cold gas, while . 20% of the mass is hot gas.
5.3. Turbulent pressure and vertical support
We estimate the turbulent component of the vertical
pressure by calculating the dispersion σz of vz in the
center-of-mass frame in regions of different sizes (see
Joung et al. 2009). The estimated vertical turbulent
pressure is then Pturb = 〈ρ〉σ2z , where 〈ρ〉 is the mean
density in each region. This procedure averages over all
gaseous phases.
Turbulent pressure is a scale-dependent quantity. The
ISM turbulent spectrum is observed to extend to at least
kiloparsec scales in external galaxies (e.g. Willett et al.
2005, and references therein), although the largest scales
are likely due to self-gravity of the stars and gas, ef-
fects which we do not include in our model. The pro-
cesses we include produce a maximum scale of around
100 pc (Joung & Mac Low 2006; de Avillez & Breitschw-
erdt 2007). Therefore, we also calculate the turbulent
pressure in different volumes. We calculated σz within
spheres of radius 20 pc and 100 pc, giving us 〈ρ〉σ2z for
≈ 400 spheres centered at different locations in the mid-
plane (z = 0). We show the median of these 400 tur-
bulent pressure measurements for each model as the +
and × signs in Figure 10. The turbulent pressure is
larger in the larger boxes. We also include the median
of ρv2z as an estimate of the kinetic pressure in Figure 10.
This value is small compared to turbulent pressure cal-
culated from σz and independent of thermal pressure,
with 〈ρv2z〉/W ≈ 0.05 in all models.
In Figure 10, we plot the turbulent pressure as a func-
tion of thermal pressure normalized by the total weight
in each simulation. The black right-facing triangles in
Figures 8 and 10 use the 1 kpc2×±hz/3 box. The turbu-
lent pressure is 4000 K cm−3 . Pturb/k . 104 K cm−3.
The turbulent pressure is larger at low heating rates
than at high heating rates, although the relationship is
not monotonic (Fig. 8). At the lowest heating rate, the
turbulent pressure is greater than the thermal pressure
in all phases, whereas at the highest heating rate, the
turbulent pressure is lower than the thermal pressure in
all phases.
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Figure 7. Phase diagrams of thermal pressure as a function of density in the midplane (|z| < hz/3) from single snapshots
of the simulations shown in Figures 1 and 3 (top) and Figures 2 and 4 (bottom) at t = 200 Myr. Horizontal dashed black
lines show the midplane hydrostatic pressure (the sum of the weight of the gas both above and below the midplane). Yellow
triangles, magenta squares, and cyan circles show the median thermal pressure in each phase(hot, warm, and cold, respectively);
dot-dashed black lines show the overall median thermal pressure; and dotted black lines show the median turbulent pressure
(see Section 5.3). Diagonal gray dotted lines denote the thermally unstable temperature ranges for our cooling curve. Red and
blue dotted horizontal lines show Pmax and Pmin, respectively.
The median turbulent and thermal pressures are in-
versely correlated.2 If the vertical support were provided
fully by the turbulent and thermal pressure, we would
have
W = Pth + Pturb, (9)
2 We note that because we calculate Pturb in boxes extending to
hz/3, the volume over which this pressure is calculated changes be-
tween models. In general, larger volumes lead to larger turbulent
pressures (Fig. 10). This effect does not explain the anticorrela-
tion between thermal and turbulent pressures: at lower heating
rates, hz is smaller, yet the calculated turbulent pressure is higher
(Fig. 9).
which can be checked by comparing black × symbols
and red stars in Figure 8, and by examining how closely
the symbols approach the solid line in Figure 10. For
the fiducial models, in which we vary only Γ0, we
find(Pth + Pturb)/W > 0.85, so these figures suggest
that our estimates of the thermal and turbulent pressure
capture most of the hydrostatic support of the ISM. Be-
cause we only estimate the turbulent pressure on a single
(large) scale, it is reasonable to expect that we are not
capturing all of the turbulent pressure. We may also
overestimate the weight (Section 4).
Figure 10 and Table 2 show that the turbulent and
thermal pressure account for most of the hydrostatic
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Figure 8. Pressure as a function of Γ0 at 200 Myr. The median thermal pressure within each phase is shown, as is the median
overall thermal pressure, all calculated in the midplane (|z| < hz/3). Error bars denote the standard deviation of logPth in
the cold, warm, and hot phases; the standard error of the mean of each quantity is smaller than the symbol size. The median
turbulent pressure (Section 5.3) and the midplane weight are also shown. We show the fiducial models with ∆x0 = 2 pc;
input parameters in all models are identical except for Γ0 (see Table 1). Red and blue lines show Pmax and Pmin, respectively
(equation 4).
support in most of the runs. There are three data
points that are clear outliers, with Pturb/W < 0.3 and
Pth/W < 0.3. Two of these models are the low surface
mass density models (smd75 pe300 and smd75 pe600).
The third is the unmagnetized model with the increased
IGM density (nigm-4 pe300). These are the three mod-
els with the largest scale heights and the highest porosi-
ties (see the right two panels of Figure 4) and are quali-
tatively different from the other models presented in this
paper: the cold and warm disk is essentially blown away,
and much of the mass is concentrated in high-altitude
clouds that do not contribute to the midplane pressure
(see Section 4). We conclude that in all of our models in
which the ISM has a disk-like structure (as is observed
in star-forming galaxies), our method for estimating the
thermal and turbulent pressure captures & 85% of the
hydrostatic support and the ISM is in approximate hy-
drostatic equilibrium.
In Figure 5, we show a profile of the temperature and
thermal and turbulent pressure along a ray through the
midplane of our fiducial model. We chose the position
of this profile to include several CNM regions embed-
ded in WNM gas as well as the edge of a HIM bub-
ble. To illustrate the turbulent pressure on small scales,
we calculated the turbulent pressure in spheres of ra-
dius 15 pc, chosen to balance between minimizing the
size scales over which we smooth the turbulent pressure
and maximizing the turbulent energy we capture. The
CNM and WNM thermal pressures here are each near
the median values for this model (see Figure 8). The
HIM thermal pressure varies by an order of magnitude
around its median.
Across the CNM-WNM interface, the total pressure is
generally more flat than either the turbulent or thermal
pressure: the turbulent pressure and thermal pressure
are generally inversely correlated across CNM regions
at least as large as the 30 pc diameter kernel we used
to calculate Pturb. This effect is most clear in the CNM
region at 320 pc . y . 350 pc. This is a local equiva-
lent of the global anti-correlation between Pth and Pturb
described above: the thermal pressure is lower in the
CNM than the WNM but the turbulent pressure appears
to adjust to maintain rough total pressure equilibrium
between the phases.
Because turbulent motions are spatially correlated,
Wolfire et al. (2003) argued that it is the thermal
pressure that determines the phase structure on scales
. 200 pc in the WNM. However, they assumed a much
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Table 2. Outputs
Run Name hz fm,c fv,w q 〈n〉w,c logW/k logPturb/k logPth/k logPtot/k
(pc) (cm−3) (pc cm−3)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Fiducial
pe109 131.8 0.77 0.15 1.04 4.8 4.20 3.95 3.48 4.07
pe109 2pc 69.0 0.78 0.13 1.15 8.3 4.20 3.95 3.48 4.08
pe200 136.7 0.67 0.33 0.74 2.9 4.20 3.96 3.66 4.13
pe200 2pc 71.7 0.68 0.30 0.78 4.8 4.20 3.99 3.61 4.14
pe300 139.8 0.50 0.55 0.43 1.8 4.22 3.91 3.84 4.18
pe300 2pc 76.7 0.53 0.52 0.45 2.9 4.22 3.96 3.80 4.19
sn17 pe300 121.7 0.48 0.75 0.16 1.6 4.18 3.89 3.86 4.17
pe400 147.3 0.32 0.67 0.30 1.5 4.26 3.84 3.99 4.22
pe400 2pc 84.7 0.36 0.64 0.33 2.1 4.26 3.91 3.98 4.25
pe500 153.7 0.17 0.74 0.24 1.3 4.30 3.75 4.08 4.25
pe500 2pc 91.4 0.21 0.73 0.25 1.7 4.30 3.80 4.06 4.25
pe600 156.9 0.07 0.80 0.18 1.2 4.33 3.69 4.13 4.26
pe600 2pc 96.8 0.10 0.79 0.20 1.5 4.33 3.73 4.11 4.26
pe1229 166.1 0.00 0.80 0.20 1.0 4.36 3.63 4.13 4.25
pe1229 2pc 163.1 0.00 0.81 0.20 1.1 4.37 3.66 4.12 4.25
pe1229 1pc 106.4 0.00 0.81 0.20 1.3 4.37 3.67 4.11 4.25
Magnetized
bx5 pe1229 164.6 0.00 0.82 0.19 1.0 4.37 3.71 4.12 4.27
bx5 pe300 142.1 0.31 0.76 0.16 1.3 4.28 3.83 3.92 4.18
nIGM = 10
−4.1 cm−3
nigm-4 bx0 pe300 201.2 0.61 0.17 1.51 4.9 4.37 3.76 3.75 4.06
nigm-4 bx5 pe300 165.1 0.44 0.57 0.43 1.5 4.29 3.94 3.79 4.17
Σgas = 7.5M pc−2
smd75 pe300 311.2 0.36 0.12 1.89 1.8 4.35 3.46 3.76 3.94
smd75 pe600 320.6 0.23 0.24 1.35 1.0 4.37 3.56 3.71 3.94
Note—Output statistics for the runs listed in Table 1 with ∆x0 ≤ 4 pc at t = 200 Myr. Quantities in columns
4–10 are calculated for |z| ≤ hz/3. Shown are the mass-weighted rms altitude (column 2), the cold gas mass
fraction (3), the warm gas volume filling factor (4), the porosity (5), the mean density in T < 2× 104 K gas (6),
the weight (7), the turbulent pressure calculated over the 1 kpc2 ×±hz/3 box (8), the thermal pressure (9), and
the sum of the turbulent and thermal pressures (10).
longer correlation length than was found in subsequent
simulations (de Avillez & Breitschwerdt 2004; Joung
& Mac Low 2006). Our analysis here indicates that
the turbulent pressure does act on the scale of individ-
ual CNM-WNM interfaces. We caution that our CNM
clouds are only marginally resolved and the CNM-WNM
interface, which forms on Field (1965) length scales, is
entirely unresolved (Begelman & McKee 1990; Inoue
et al. 2006; Stone & Zweibel 2009).
6. DISCUSSION
In this paper, we have presented models of a
supernova-driven turbulent ISM in a vertical column
with a range of input heating rates. Changing the
heating rate changes Pmin and Pmax, the limits of the
pressure range in which the two-phase ISM is stable. We
find that the thermal pressure in the cold and warm gas
is also set by the heating rate, increasing directly pro-
portionally to Pmin (Fig. 8). The weight, HIM thermal
pressure, and turbulent pressure vary more weakly with
the input heating rate. The WNM thermal pressure
approaches an asymptote ≈ 0.25 dex below the weight
when Γ0,−25 & 5.
The warm gas dominates at high heating rates, where
Pth,warm > Pth,hot and Pturb < Pth. The hot gas dom-
inates at low heating rates, where Pth,warm . Pth,hot
and Pturb > Pth. The warm and hot gas filling frac-
tions are approximately equal when the total thermal
and turbulent pressures and the warm and hot gas ther-
mal pressures are also approximately equal.
In all of our models, the CNM and WNM are each
found within the two-phase thermal pressure range even
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Figure 9. Midplane (|z| < hz/3) volume filling fraction and
full-box mass fraction as a function of heating rates Γ0 for
each phase for the fiducial runs (as in Fig. 8).
though we do not include self-regulation and a variable
star formation rate. Therefore, the gas physics must act
to keep the pressure in the two-phase regime. Next, we
explore the underlying physical processes.
6.1. Stability of the three-phase ISM
Why does the ISM tend towards Pmin < Pth < Pmax?
Wolfire et al. (2003) pointed out that analysis of a
pressure-density phase diagram defines five regimes in
the CNM-WNM equilibrium. These are delineated by
the mean density in atomic gas3 〈n〉w,c relative to, in
increasing order of density, nWNM(Pmin), nWNM(Pmax),
nCNM(Pmin), and nCNM(Pmax); the numerical values of
these densities are set by the cooling curve and the heat-
ing rate. In these regimes, in order of increasing den-
sity, 1) only WNM gas can exist stably, 2) the ISM is
dominated by the WNM but CNM gas can exist at the
same pressure, 3) both the CNM and WNM must ex-
ist because 〈n〉w,c is thermally unstable, 3) the ISM is
dominated by the CNM but WNM gas can exist at the
same pressure, and 5) only the CNM can exist stably.
3 T < 2× 104 K for our cooling curve.
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sure, each normalized by the weight. The turbulent pressure
is calculated over three different scales. The black triangles
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Figure 11. Mean density as a function of heating rate.
The five regimes described by Wolfire et al. (2003) (for the
cooling curve used in this paper) are labeled. Points show
〈n〉w,c from each of our base models.
We now apply the Wolfire et al. (2003) argument to our
simulations.
We calculate 〈n〉w,c for |z| < hz/3, yielding the re-
sults in Table 2. With fixed Σgas, 〈n〉w,c changes with
increasing Γpe due to the increasing scale height of the
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gas and the decreasing HIM volume filling fraction. We
show these five regimes along with the mean densities
from our models as a function of Γpe in Figure 11. In
all cases, the mean density is in the regime in which the
thermal pressure allows the CNM and WNM to exist. In
Γ0,−25 & 4 models, 〈n〉w,c . nWNM(Pmax), so the mean
density lies along the stable WNM branch and we expect
the WNM to dominate. Indeed, these are the models in
which the CNM accounts for a minority of the mass.
In the WNM-only regime, turbulent pressure fluctua-
tions can still drive regions of gas into the CNM phase.
If the WNM is compressed isobarically to densities at
which the gas is at CNM temperatures but Pth < Pmin,
the gas is out of equilibrium. It can return to equilibrium
by expanding isobarically (therefore heating) to return
to the WNM branch or by heating isochorically to the
CNM branch. Isobaric expansion would move the gas
to the left on the pressure-density phase diagram; iso-
choric heating would move the gas upward on the phase
diagram. Expansion of a cloud of size L would occur on
a sound crossing timescale, ts ∼ L/cs for sound speed
cs, whereas isochoric heating to the temperature where
Pth = Pmin would occur on a heating timescale,
th ∼ Pmin/n
Γpe − nΛ(T ) . (10)
We illustrate these timescales in Figure 12 for our fidu-
cial model. For gas parcels comparable to our resolution
(L = ∆x0 = 4 pc), the isochoric heating timescale is
th . 10 kyr, which is & 2 orders of magnitude shorter
than the sound crossing time, as noted by Piontek & Os-
triker (2004). If our resolution allowed compression to
smaller sizes such as L = 0.1 pc, the heating timescale
would remain an order of magnitude shorter than the
sound crossing time for thermally unstable cold gas at
Pth = Pmin/2 = 990k K cm−3. Therefore, any WNM
gas below Pmin that is turbulently compressed to CNM
densities is likely to wind up on the stable CNM branch
with Pth ≈ Pmin rather than returning isobarically to
the stable WNM branch. Once CNM gas exists at
Pth ≈ Pmin, any WNM gas with lower pressure would
be underpressured, leading to expansion of the CNM
and compression of the WNM to bring the phases into
thermal pressure equilibrium at Pth & Pmin. Conse-
quently, even if the mean density of the warm and cold
ISM is below nCNM(Pmin) — placing the gas in the
WNM-only regime — this mechanism would increase
the pressure in both phases to Pmin. At heating rates
that are sufficiently high so that 〈n〉w,c < nCNM(Pmin),
conservation of mass requires that very little mass can
be found in the dense CNM, as is found in our high-
Γpe simulations. However, this turbulent compression
mechanism allows the CNM physics to set the thermal
pressure of the WNM even when the CNM mass filling
fraction is very small (fm,c < 10−3 in our pe1229 mod-
els), preventing the ISM from entering the WNM only
(〈n〉w,c < nCNM(Pmin)) regime.
The cold gas thermal pressure in our model may be
underestimated due to resolution. Although the overall
thermal pressure and volume and mass filling factors are
well-converged between our ∆x0 = 4 pc and 2 pc mod-
els, the scale height hz and density of the densest gas are
not (Table 2). Cold clouds are resolved by only a few
zones, especially in models with smaller cold gas volume
filling fractions (Figures 1 and 2). Therefore, at higher
resolution, the cold gas would have the ability to com-
press further, increasing the cold gas thermal pressure.
The difference in thermal pressure between the cold and
warm gas in our simulations should thus be interpreted
cautiously. This issue does not affect our conclusions in
this subsection.
6.2. Thermal pressure of hot gas in thermal runaway
The HIM is mostly found in the range Pmin < Pth <
Pmax, even in our thermal runaway models (pe109, the
smd75 models, and nigm-4 bx0 pe300). The hot gas
is shock heated, a physical process not impacted by
the balance between FUV heating and radiative cool-
ing that determines the pressure of the two-phase CNM
and WNM. Therefore, it must be thermal pressure equi-
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Figure 13. Pressure-density phase diagrams for two of our fiducials models and three periodic box models from Gatto et al.
(2015), all with ∆x0 = 2 pc. The Gatto et al. (2015) models use (left to right) mixed driving, peak driving, and random driving.
As in Figure 7, dotted red and blue lines show Pmax and Pmin, and dotted black lines show Pturb calculated over the full box.
The black dashed lines show the thrmal equilibrium curve.
librium with the two-phase ISM that pushes the HIM
towards the two-phase pressure regime.
For the periodic box models presented by Gatto et al.
(2015) and Li et al. (2015), the situation is qualitatively
different. We show phase diagrams of three models from
Gatto et al. (2015) in Figure 13. These models are simi-
lar to those presented in this paper except for a different
cooling curve (leading to a narrower range between Pmin
and Pmax), a supernova prescription that includes mo-
mentum as well as thermal energy injection, and fully
periodic 2563 pc3 boxes without an external gravita-
tional potential. These three models include peak driv-
ing, in which all supernovae are set off at density peaks;
random driving, in which supernova locations are chosen
randomly; and mixed driving, which is a mixture of the
two. In the peak driving case, the energy is injected in
dense locations and thus radiates away quickly, result-
ing in the creation of no hot gas. In the random driving
case, the simulations are in thermal runaway, with 92%
of the volume in HIM gas and 96% of the mass in CNM
gas. In the random driving case, the hot gas pressure
is considerably higher than that in other phases, and
97% of the hot gas has Pth > Pmax. The warm gas
pressure is slightly lower, with the median Pth ≈ Pmax,
although the lowest-pressure gas found in the simula-
tions is warm, as expected: only warm gas can be stable
with Pth < Pmin. In the cold gas, the median thermal
pressure is lower still, although only ≈ 2% of the CNM
has Pth < Pmin. As in our models, the cold clumps —
particularly in the thermal runaway case — are at best
only marginally resolved.
In the periodic box thermal runaway models (with
random driving), the hot gas is overpressured, with
Pth,h > Pmax > Pth,c. We do not see this behavior in any
of our models. This confirms the result of Walch et al.
(2015), who use a similar code to Gatto et al. (2015)
but with boundary conditions allowing vertical stratifi-
cation. Many of their models also have very high HIM
filling fractions, particularly in the midplane (see their
Fig. 25), yet their hot gas thermal pressure is, like our
vertically-stratified models, in or near the stable two-
phase pressure range. We conclude that once thermal
runaway is reached, the lack of a pressure valve in fully-
periodic models leads to unphysically high HIM thermal
pressures.
6.3. Caveats
Our focus in this paper is on a controlled physics ex-
periment in which we vary the FUV heating rate. In
doing so, we neglect a number of physical processes, in-
cluding the following.
1. We use a 1 kpc2 region of a galaxy in which there
is little variation in the FUV radiation field ei-
ther temporally or spatially. The FUV field likely
varies by factors of ∼ 3 on . 100 Myr timescales
near the Sun (Parravano et al. 2003). Over an
entire galaxy, the radiation field decreases with
galactocentric radius, reducing Pmin. However,
the value of Pmin implied by the FUV radiation
field as a function of Galactocentric radius as mod-
elled by Wolfire et al. (2003) does not fall off
quickly enough to explain the near-constant ob-
served CNM-WNM ratio (Dickey et al. 2009).
2. In reality, the average FUV radiation field is a
function of the star formation rate, so varying the
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radiation field without varying the supernova rate
is unphysical. However, the average radiation field
may not apply in many places due to its wide spa-
tial and temporal variance. Incorporating radia-
tive transfer to fully model the time-variable FUV
radiation field from individual B stars in a large
set of MHD simulations like ours is prohibitively
expensive. Approximations in which the box-wide
FUV radiation field varies with the current star
formation rate are feasible (Kim & Ostriker 2017),
but there remains uncertainty in the FUV radia-
tion field at any point as a function of the average
star formation rate.
3. The efficiency of photoelectric heating depends
upon the charge, size distribution, and composi-
tion of the dust grains (Spitzer 1948; Bakes & Tie-
lens 1994; Weingartner & Draine 2001). However,
the local variations due to these factors are un-
likely to negate the qualitative picture presented
here.
4. We use a cooling curve that approximates cooling
due to solar neighborhood metallicity gas neglect-
ing depletion with a constant ionization fraction of
10−2. This somewhat overestimates the gas-phase
coolant abundances in the ISM near the Sun. If
we included a cooling curve that accounted for de-
pletion, cooling would likely be less efficient, ef-
fectively changing the shape and position of the
thermal equilibrium curve, but not the basic rela-
tion between heating and expansion timescales.
5. Photoionization heating (Barnes et al. 2014;
Vandenbroucke et al. 2018), cosmic ray heating
(Wiener et al. 2013; Girichidis et al. 2016), and
non-equilibrium ionization (de Avillez et al. 2012)
are each likely to increase the scale height of the
warm gas, resulting in additional midplane pres-
sure.
6. We do not include gas self-gravity. Self-gravity
can allow dense gas to decouple from thermal pres-
sure equilibrium, allowing it to reach considerably
higher pressure than the CNM or WNM, but is
not important in the CNM, WNM, or WIM itself.
7. In all models, we chose the location and timing
of supernovae without knowledge of the gas den-
sity. This is somewhat unphysical, although we
do not resolve star formation in any meaningful
way in these models and the B stars that produce
most supernovae even in massive star clusters live
longer than the giant molecular clouds in which
they form. The major drawback of this piece of
missing physics is that cold clouds are unphysi-
cally long-lived (with individual cold clouds sur-
viving for & 100 Myr) due to the lack of internal
feedback.
8. Because we do not include shearing boundary con-
ditions, the magnetic field approaches an equilib-
rium considerably weaker than that in the real
ISM (Gressel et al. 2008; Hill et al. 2012; Kim &
Ostriker 2017).
6.4. Subgrid Models
Many of the effects identified in Section 6.3 will quan-
titatively modify the midplane pressure. However, we
do not expect qualitative changes that affect our main
result: that the relative timescales of isobaric expan-
sion and isochoric heating of thermally-unstable gas with
Pth < Pmin tends to drive the WNM to Pth & Pmin.
This microphysical process should occur regardless of
the physical processes that set Pmin and could in prin-
ciple be applied as a minimum warm gas pressure in
simulations that do not resolve the CNM. In applying
this effect to such models, in which the CNM is unre-
solved, Pmin should be chosen based on the appropriate,
spatially-varying heating and cooling functions.
7. SUMMARY
In this paper, we conducted a set of numerical simu-
lations of the diffuse ISM in a 1×1×±20 kpc3 box. We
included supernova feedback with a rate we controlled
and positions independent of the gas density. We used
a piecewise-power law cooling curve approximating the
ISM conditions in the solar neighborhood and a diffuse
heating term Γpe which approximates the FUV heating
of interstellar dust grains. The primary experiment in
this paper was to study the effects of varying Γpe. We
also ran experiments with a magnetic field and differ-
ent supernova rates, surface mass densities, and IGM
densities. Our main conclusions follow.
1. The thermal pressure range Pmin < Pth < Pmax
in which the two-phase ISM (CNM and WNM)
can exist is set by the heating rate and therefore
varies by more than an order of magnitude across
our simulations, yet in every case, both CNM and
WNM gas lie nearly entirely within the two-phase
pressure range (Fig. 8).
2. The relative timescales for radiative heating and
isobaric expansion provide the physical explana-
tion for the tendency for the gas to remain in the
two-phase pressure regime (Wolfire et al. 2003; Pi-
ontek & Ostriker 2004). If any WNM gas has
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Pth < Pmin, turbulent compression can create
thermally unstable CNM pockets. For this unsta-
ble gas, the timescale to heat to Pmin (eq. [10]) is
much shorter than the timescale to expand isobar-
ically, so turbulent compression followed by radia-
tive heating brings the gas pressure up to Pmin
(Section 6.1). This tendency to remain within
Pmin < Pth < Pmax is set by the gas microphysics
(Wolfire et al. 2003) and is independent of any
variations in the star formation rate that would
occur in a self-regulation scenario.
3. The HIM also lies in the two-phase pressure range.
In the low Γpe models, the HIM thermal pressure
is larger than the other two phases, whereas in the
high Γpe models, the HIM pressure is comparable
to the CNM pressure (Fig. 8).
4. When models with periodic boundary conditions
enter thermal runaway, the HIM is overpressured
because without a vertical gravitational potential,
the hot gas has no ability to expand upwards to
relieve the the excess pressure and the hot gas cool-
ing time is longer than the time before subsequent
supernova shocks. In models with a vertical grav-
itational potential, the HIM can stratify vertically
so the midplane HIM pressure is within the two-
phase range even in models where the HIM is dom-
inant (Fig. 13).
5. At low heating rates, where the two-phase ISM is
at relatively low pressure, the HIM is the dom-
inant phase by volume (near the midplane) and
the CNM is the dominant phase by mass. At high
heating rates, the WNM is the dominant phase by
both mass and volume. At intermediate heating
rates (Γ0 ≈ 3×10−25 erg s−1 for our cooling curve
and our unmagnetized setup with our fiducial su-
pernova rate and surface mass density), the WNM
and HIM each fill approximately half of the mid-
plane volume while the WNM and CNM each ac-
count for approximately half of the mass (Fig. 9).
6. The weight, W , of the ISM varies little with Γ0.
Because of the changing value of Pmax, W >
Pmax for the low-Γ0 models but W < Pmax for
intermediate- and high-Γ0 models (Fig. 8).
7. The turbulent pressure adjusts to support the
weight given the thermal pressure. When we
calculate the turbulent pressure on large scales
(& 500 pc, half the horizontal extent of our box),
the sum of the turbulent and thermal pressures
are approximately equal to the weight in all cases
which are in hydrostatic equilibrium. When tur-
bulent pressure is calculated on small scales or as
〈ρv2z〉, the total pressure is insufficient to provide
hydrostatic support (Fig. 10).
8. In developing sub-grid models in which the struc-
ture of the two-phase medium is not resolved, this
work suggests that the thermal pressure of all
three phases should be controlled to remain within
the two-phase pressure regime given the expected
heating rate.
The data presented in this paper are available at the
American Museum of Natural History Research Library
Digital Repository at doi:10.5531/sd.astro.2.
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